Abstract-A carrier phase estimation and compensation algorithm using a digital phase locked loop is proposed which exploits the common-mode impairment from the shared local oscillator at the receiver side in a few-mode fiber transmission system. We verify that the proposed algorithm is more tolerant to phasemismatches than earlier work. The carrier phase estimation (CPE) scheme is evaluated for a 3 × 112 Gbit/s dual polarization quadrature phase shift keying mode division multiplexed transmission over 80 km including an in-line multimode erbium doped fiber amplifier. The digital signal processing computational complexity is reduced in comparison to a traditional CPE stage. In addition, the proposed scheme is shown to perform similarly with respect to the 3.8 × 10 −3 forward error correcting limit optical signal to noise ratio tolerance of the traditional CPE scheme.
I. INTRODUCTION

S
PATIAL division multiplexing (SDM) has recently been established as a viable method for providing further capacity as the theoretical limits in single-mode fibers (SMF) are approached. Several activities have been targeted at the development of key techniques such as the (de-)multiplexing, coherent transmission and detection. In addition, the development of few mode fiber (FMF) and multi-core fiber transmission are seen to be vital for long-haul transmission [1] - [5] . By exploiting coherent detection and the rapid advances in the electronic domain using multiple-input multiple-output (MIMO) digital signal processing (DSP) allows the spatial channels, which may be significantly mixed, to be recovered. Recently, the transmission of 6 modes employing 2 polarizations requiring a 12×12 MIMO DSP was demonstrated [2] . In the multi-core area, a dual polarization 19-core transmission was demonstrated [5] . The processing of these individual channels simultaneously can be resource intensive and particularly challenging for hardware implementation in ASICs and FPGAs. Manuscript An advantage with SDM is that strongly coupled spatial modes experience common-mode impairments, such as chromatic dispersion, and frequency and phase fluctuations from the transmitter side laser and local oscillator (LO) [6] . The latter is traditionally recovered using N carrier phase estimation (CPE) blocks [7] , where N is equal to the number of transmitted channels.
In this letter, by exploiting the advantage of common-mode impairments, we propose a joint carrier-phase compensation scheme taking the phase information of multiple received channels into account. The proposed algorithm is demonstrated using a 3 × 112 Gbit/s dual polarization quadrature phase shift keying (DP-QPSK) mode-division multiplexed transmission over 80 km with an in-line multi-mode erbium doped fiber amplifier (EDFA) [8] . The proposed scheme is shown to perform the same as the traditional CPE stage with respect to the 3.8 × 10 −3 FEC limit, whilst reducing the number of digital phase locked loops (DPLLs) to 1/N. Additionally, the number of required phase detectors stages are reduced by 50%, requiring an overhead of only N/2 summations and 1 division.
II. JOINT CARRIER PHASE ESTIMATION Conventionally, N CPE blocks are used for an N channel transmission. In this letter, N equals 6. We refer to this as the N-DPLL setup, and it is depicted in Fig. 1a . This is performed after MIMO equalization, as depicted in Fig. 2 . Further details are given in section III. Note that each polarization within each mode is seen as a separate channel, and each CPE block consists of a concatenation of a phase detector (PD) and a digital phase locked loop (DPLL). Again, further details are given in section III. Fig. 1b shows the internal DPLL diagram, where G 1 and G 2 represent the first order and second order DPLL gains, respectively. The number of employed DPLLs increases linearly with the number of transmitted channels.
In this letter, a single laser source acts as carrier and local oscillator. The path length difference causes a frequency offset between the two, which can be computed by taking the time derivative of the DPLL output phase in Fig. 3b . The frequency offset is estimated to be 76 MHz. Since all receivers have the same local oscillator, we can exploit this common-mode transmission impairment. Hence, employing joint carrier phase estimation can reduce the DSP complexity in the CPE stage to 1/N of the traditional N-DPLL setup. In addition, we can avoid 50% of the phase detectors. The only overhead required is an additional summation and scaling stage when taking multiple channels into account. To this end, we have implemented a joint CPE algorithm.
First, a reference algorithm is shown in Fig. 1c . The phase average is taken over the best M performing channels, where 1 ≤ M ≤ 6. The results for the M cases are presented in section IV. There are two special cases. Averaging over one channel is referred to as the master/slave setup. Phase averaging over all channels is referred to as equal averaging. For comparison and to obtain a point of reference, the N-DPLL setup is used to estimate the best performing channels. This is determined by the sum of the MIMO equalizer's error over 1000 symbols.
It has shown in [6] that when all local oscillator phases are aligned, a master/slave setup can be used without a penalty to the N CPE blocks setup. However, we want to include the tolerances of having a phase mismatch at either the transmitter or receiver side, and compare the performance between the presented work in [6] and our proposed algorithm.
The proposed algorithm averages the phase over three statically assigned channels, as depicted in Fig. 1d . The additional overhead required is in the form of an addition and scaling stage. When comparing the traditional method in Fig. 1a with the proposed scheme shown in Fig. 1d , this method is the lowest in complexity and uses only the information from one polarization MIMO output of each mode for estimating the phase. In the following section we describe the used experimental setup to evaluate the algorithm's performance.
III. EXPERIMENTAL SETUP
In order to investigate the various DPLL setups, the experimental setup depicted in Fig. 2 is used. A free running external cavity laser (ECL) at 1550.112 nm with a linewidth of <100kHz is used and it is equally split into 4 outputs. Due to lab limitations, three outputs are used as coherent receiver local oscillators. Ideally, a separate laser is to be used as local oscillator. As outlined in section II, the local oscillator phases are not perfectly aligned to compare our proposed algorithm with this letter in [6] . The remaining ECL output is used as the transmission signal going into an IQ-modulator. The IQmodulator is driven by two 2 15 pseudo random bit sequences (PRBSs) to generate a 28 GBaud QPSK output. The quadrature sequence is delayed by 2 14 symbols with respect to the inphase sequence. The modulated output is split into two equal outputs. Both outputs go into the polarization multiplexing stage, where one is delayed by 312 symbols for decorrelation purposes. The dual polarization signal is then split into three outputs, which form the inputs of the mode multiplexer (MUX). Here, two are converted to the spatial linearly polarized (LP) LP 11a and LP 11b modes. The last input is used as the fundamental LP 01 mode. Before going into the MUX, each output is separately amplified and delayed. With respect to the LP 01 input, the other two are delayed by 2413 and 3847 symbols, to decorrelate LP 11a and LP 11b respectively.
The combined output is transmitted over the FMF, which allows three spatial modes to propagate simultaneously. In the transmission line, a few-mode erbium doped fiber amplifier is employed [9] . At the receiver side, a phase-plate based mode demultiplexer (DMUX) is used to perform the inverse operation of the mode multiplexer. The specifications of the mode multiplexer, demultiplexer, and FMF have been further outlined in [8] . Each of the three DMUX outputs are connected to individual coherent receivers where 2 synchronized realtime oscilloscopes are used to convert the analog signal to the digital domain for processing.
In the digital domain, first we perform optical front-end compensation. The chromatic dispersion is removed using a frequency domain equalizer. To unravel each transmitted channel, 6 × 6 MIMO processing is employed in the form of the least mean squares algorithm (LMS) and the decisiondirected least mean squares algorithm (DD-LMS). For backto-back and 80 km transmission, 31 taps and 131 taps are used, respectively. Prior to computing the error in the MIMO stage, CPE is employed to remove the frequency and phase offset. This avoids having to deal with frequency and phase offsets in the MIMO equalizer. The phase detector in the CPE stage is data-aided whilst the MIMO equalizer is in data-aided operation, and becomes decision-directed when the MIMO equalizer switches to DD-LMS mode as the coarse stage in [10] . The output of the phase detector i is phase θ i . As shown in Fig. 1d , we average over the phases in the angular domain. The input of the DPLL therefore is a phase, and the output is also a phase. Before computing the MIMO error value for output i , the MIMO output is multiplied by exp − j ϕ i , where ϕ i represents the i th DPLL output phase.
For reference, we observe the phase outputs of the N-DPLL setup for the back-to-back and 80 km transmission cases. As shown in Fig. 3a , a strong phase value correlation is noticeable between polarizations. For 18 μs, 504000 DPLL values are depicted. The markers are for identification. In the back-toback case, phase is the dominant value contributing to the DPLL output. This is due to the lab setup, where both the local oscillator and carrier are the same laser source. When inspecting Fig. 3b , it becomes clear that the frequency offset between the carrier and LOs becomes the dominant effect. The frequency offset is due to the path length difference. We again notice that there is a strong phase value correlation between polarizations, and a weaker between the modes, as depicted in Fig. 3c . From this observation, we establish that the phase and frequency fluctuations in the 80 km FMF transmission system truly are common-mode impairments. The small phase difference is accumulated over time due to phase noise and the MIMO equalizer behavior. Now we can exploit the commonmode phase information and apply it to all channels.
IV. RESULTS AND DISCUSSION
To compare the system performance of the proposed implementation, first we use the traditional N-DPLL setup as reference. Then, we evaluate the performance increase when averaging over M channels. Finally, we compare the proposed algorithm with the previously mentioned algorithms. Fig. 4 shows the back-to-back and 80 km transmission system bit error rate (BER) of the investigated implementations. The optical signal to noise ratio (OSNR) was captured with steps of 1dB. The markers are for identification only.
It is shown in [6] that there is no OSNR penalty when all the local oscillator paths and transmission paths are aligned. In this work, the transmitter laser and LO phase mismatches are taken into account. Due to the strong mode-mixing in the fiber, the use of a delay in the digital domain of the receiver for alignment would increase the number of taps required in the MIMO equalizer. The main implication of an increase in the number of taps would be an increased number of multiplications, resulting in negating the gained DSP complexity reduction from the single DPLL setup. Now, we focus on using a single DPLL. For the back-toback case, no OSNR penalty is seen. For the 80 km transmission, a 0.2 dB OSNR penalty is noticed at the 3.8 ×10 −3 FEC limit for the master/slave implementation, as proposed in [6] . For comparison between all single DPLL systems, averaging over all channels results in the best performing setup over the entire OSNR curve. The M = 6 setup only has an OSNR penalty at higher OSNR values versus the traditional N-DPLL setup. At the 3.8 × 10 −3 FEC limit, this setup has virtually no OSNR penalty for both the back-to-back and the 80 km transmission cases with respect to the N-DPLL case.
To verify how this improvement evolves, the cases where averaging is performed over 2 ≤ M ≤ 5 are used. As the OSNR performance for each channel and mode at back-to-back operation is very similar, it results in a difficult choice between modes. Therefore, we focus on the 80 km transmission results, which gives more insight into how the OSNR difference between master/slave and equal averaging is achieved. For the 80 km transmission results, mode penalties are higher than polarization penalties. When increasing the number of channels M, polarizations within a mode are added first, followed by the addition of new modes. The strong phase value correlation observed between polarization channels in the modes in Fig. 3c can be further seen in Fig. 4b . There is a noticeable increase in performance when adding channels for averaging. Adding the second, fourth, and sixth channel does not increase the performance in comparison to the master/slave, three and five channels averaging, respectively. However, the performance is gained when adding these latter channels. This agrees with the findings in [6] . From this, we can see that only one statically assigned polarization per transmitted mode needs to be taken into account for averaging, in order to achieve the lowest complexity, in combination with using just a single DPLL.
We have shown that we can reduce the DSP complexity in the CPE stage linearly by 1/N used DPLLs, and the number of phase detectors is reduced by 50%. However on a side note, we would like to point out that the majority of the computations at the receiver side are performed in the time domain MIMO equalizer we have used due to the large number of taps required. Ultimately, this limits the reduced complexity percentage of the total system. Finally, Fig. 5 compares the convergence properties of the traditional N-DPLL and the statically assigned setup for the 80 km transmission with an OSNR of 45 dB. The MIMO equalizer step size μ was chosen as 10 −4 for optimized system BER and convergence time. Fig. 5 shows that there is no convergence time difference between both methods. In addition, no impact on the convergence time difference was noticed when changing the step size from 10 −3 to 10 −5 .
Therefore, we conclude that reducing the DSP complexity by implementing the statically assigned phase averaging setup does not negatively influence the convergence properties.
V. CONCLUSION A spatial division multiplexed 3 × 112 Gbit/s QPSK transmission over 80 km has been demonstrated with a joint carrier phase compensation technique to reduce the DSP complexity. Considering practical implementations and possible impairments in field-installed systems, the three LOs were not optically phase aligned. However, the same laser is used for each LO, causing a common-mode impairment which we can exploit.
We have implemented a joint carrier phase estimation and compensation algorithm which employs a single phase averaging DPLL. It reduces the DSP complexity in the CPE stage to 1/Nth of the traditional N-DPLL setup. For verification, we have started with investigating phase averaging over 1 to 6 channels. For a proper comparative study the best M channels were selected based upon the MIMO equalizer error. Performance comparison of each averaging setup is carried out, indicating that the best performance was achieved when averaging over all 6 channels. With respect to the traditional N-DPLL, the averaging scheme employing all N channels exhibits no OSNR penalty at the 3.8 × 10 −3 FEC limit. The worst performance was observed when only one channel was taken into account. After 80 km transmission it had a 0.2 dB OSNR penalty at the 3.8 × 10 −3 FEC limit.
The proposed CPE algorithm takes the phase correlation of both polarizations into account and therefore uses only the information of one polarization, hence reducing the number of phase detectors by 50%. This has the most significant reduction in DSP complexity. In addition, we have shown that averaging over the three statically chosen channels does not negatively influence the convergence speed with respect to the traditional N-DPLL setup. The only overhead required was N/2 summations and 1 division.
